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Abstract. Positive glacier-mass balances in the Karakoram
region during the last decade have fostered stable and ad-
vancing glacier termini positions, while glaciers in the ad-
jacent mountain ranges have been affected by glacier reces-
sion and thinning. In addition to ﬂuctuations induced solely
by climate, the Karakoram is known for a large number of
surge-type glaciers. The present study provides an updated
and extended inventory on advancing, stable, retreating, and
surge-type glaciers using Landsat imagery from 1976 to
2012. Out of 1219 glaciers the vast majority showed a sta-
ble terminus (969) during the observation period. Sixty-ﬁve
glaciers advanced, 93 glaciers retreated, and 101 surge-type
glaciers were identiﬁed, of which 10 are new observations.
The dimensional and topographic characteristics of each
glacier class were calculated and analyzed. Ninety percent
of nonsurge-type glaciers are shorter than 10 km, whereas
surge-type glaciers are, in general, longer. We report short
response times of glaciers in the Karakoram and suggest a
shift from negative to balanced/positive mass budgets in the
1980s or 1990s. Additionally, we present glacier surface ve-
locities derived from different SAR (synthetic aperture radar)
sensors and different years for a Karakoram-wide coverage.
High-resolution SAR data enables the investigation of small
and relatively fast-ﬂowing glaciers (e.g., up to 1.8mday−1
during an active phase of a surge). The combination of mul-
titemporal optical imagery and SAR-based surface velocities
enables an improved, Karakoram-wide glacier inventory and
hence, provides relevant new observational information on
the current state of glaciers in the Karakoram.
1 Introduction
Meltwater from snow cover and glaciers in high mountain ar-
eas is a major source for downstream water resources (Gard-
ner et al., 2013; Kaser et al., 2010). Glaciers in the Karako-
ram and western Himalaya contribute to the discharge of
the Indus River and its tributaries, which account for 90%
of Pakistan’s food production and 13GW of hydroelectric-
ity (Cook et al., 2013; Qureshi, 2011). The amount of melt-
water originating from the mountainous, glaciated catchment
areas is 1.5 times greater than the discharge generated down-
stream along the Indus (Immerzeel et al., 2010). Hence, well-
founded knowledge of the extent and nature of changes in
glaciers supports downstream hydrological planning and wa-
ter resource management.
Investigations of glacier changes across the Hindu Kush–
Karakoram–Himalaya mountain range revealed retreating
glacier fronts since the mid-19th century (Bolch et al., 2012;
Scherler et al., 2011) and negative geodetic mass balances
for the entire mountain range of −0.21±0.05ma−1 w.e.
(water equivalent) between 2003 and 2008 (Kääb et al.,
2012) and −0.15±0.07ma−1 w.e. for the period 1999 to
2011 (Gardelle et al., 2013). However, mass balances for the
Karakoram are found to be less negative, or even positive, us-
ingthegeodeticmethod(Gardelleetal.,2012,2013;Gardner
et al., 2013; Kääb et al., 2012). Both stable and advancing
terminus positions have been described by various authors
(e.g., Bhambri et al., 2013; Bolch et al., 2012; Hewitt, 2005;
Scherler et al., 2011).
The Karakoram is also known for a large number of surge-
type glaciers, which have been reported since the 1860s (Bar-
rand and Murray, 2006; Copland et al., 2011; Hewitt, 1969,
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1998, 2007; Kotlyakov et al., 2008; Mason, 1931). There
has been a marked increase in surge activity in recent years
(Copland et al., 2011). Surge-type glaciers are also common
outside of the Karakoram, e.g., in Alaska and the Yukon,
the Canadian high Arctic, Svalbard, Iceland, and the Rus-
sian high Arctic (Cuffey and Paterson, 2010). However, the
mechanisms triggering surge events differ among the vari-
ous regions. Surge-type glaciers are identiﬁable by distinc-
tive surface features like looped and folded medial moraines,
ice foliation, crevassed surfaces, and/or advancing glacier
tongues(BarrandandMurray,2006;Hewitt,1969;Meierand
Post, 1969). During the active phase of a surge, within a few
months to several years, glacier surface velocities increase
by at least one order of magnitude compared to nonsurging
glaciers (Meier and Post, 1969). Moreover, the glacier ter-
minus steepens and thickens throughout a surge event, as ice
from the reservoir area is shifted towards the receiving area
(Clarke et al., 1984; Meier and Post, 1969). The rapid ad-
vance of a glacier tongue may dam river valleys, which leads
to the formation of lakes. Failure of the ice and/or moraine
dams, may result in glacial-lake-outburst ﬂoods (GLOFs) en-
dangering downstream areas. In the upper Indus Basin 71
GLOFs have been reported since the early 19th century (He-
witt, 1982, 2014; UNDP, 2013).
The present study investigates the temporal variability
and spatial distribution of surge-type, advancing, stable, and
retreating glaciers across the Karakoram region. Existing
surge-type glacier inventories (Barrand and Murray, 2006;
Copland et al., 2011; Hewitt, 1998) are updated and reﬁned
using Landsat time series (1976–2012), and a detailed anal-
ysis of termini-position changes of surge-type, advancing,
and retreating glaciers since 1976 is carried out. The inven-
tory compares dimensional and topographic characteristics
of each glacier class. Centerline proﬁles are generated using
a homogeneous procedure for the entire Karakoram. A com-
plete coverage of glacier surface velocities is achieved from
repeat, very high-resolution synthetic aperture radar (SAR)
imagery as a composite in the period 2007–2011. In sev-
eral case studies, we demonstrate the potential of very high-
resolution SAR time series to map changes in ice ﬂow for
very small surge-type or advancing glaciers, and comple-
ment this analysis with products based on archived scenes
from ERS (European remote sensing satellite) SAR and En-
visat ASAR (advanced synthetic aperture radar). During the
active phase of a surge event, high surface velocities close
to the glacier snout support the identiﬁcation of surge-type
glaciers.
2 Study Site
The Karakoram is part of the Hindu Kush–Karakoram–
Himalaya mountain range. It is located between the borders
of India, Pakistan, Afghanistan, and China and stretches over
∼500km in a NW to SE direction (Fig. 1). The region in-
cludes four peaks higher than 8000ma.s.l. (above sea level),
and half of its surface lies above 5000ma.s.l. (Copland et
al., 2011). The glaciated area covers ∼17946km2 (Bolch
et al., 2012), including some of the largest glaciers outside
the polar regions, e.g., Siachen Glacier (∼72km long), Bal-
toro Glacier (∼64km), and Biafo Glacier (∼63km). The
glaciers in the Karakoram extend over a wide range of ele-
vations (from ∼3000 to >8000ma.s.l.), while 60–80% of
the glaciated area is found between altitudes of 3800 and
5800ma.s.l. (Hewitt, 2005). For most glaciers, nourishment
is mainly or wholly determined by snow avalanches, which
also contribute to heavy accumulation of supraglacial debris
(Hewitt, 2005).
The climate in the Karakoram is inﬂuenced by the Asian
monsoon, which contributes up to 80% of the summer pre-
cipitation in the southeastern part of the Karakoram (Bolch et
al., 2012). During winter, precipitation occurs predominantly
due to westerly cyclones and is responsible for about two-
thirds of the snowfall in high altitudes (Bolch et al., 2012).
Northward, the steep topography of the Karakoram and its
more continental location lead to a decreasing inﬂuence of
bothwindsystems.Inthewesternpartofthemountainrange,
Winiger et al. (2005) estimated average annual precipitation
values of 1500–1800mma−1 at 5000ma.s.l., and consid-
erably lower values of ∼600mma−1 at 5000ma.s.l. north
of the Batura Glacier (36◦320 N, 74◦390 E). Another study
found a similar trend indicating increasing precipitation from
north to south over the Hunza Basin, with average values of
1174mma−1 at 6000ma.s.l. (Immerzeel et al., 2012).
An increase in winter precipitation in the Karakoram has
been observed since the early 1960s (Archer and Fowler,
2004; Bolch et al., 2012; Yao et al., 2012). Williams and
Ferrigno (2010) found decreasing summer mean and min-
imum temperatures as well as increasing winter mean and
maximum temperatures across the upper Indus Basin, which
partly coincides with the studies of Bocchiola and Dio-
laiuti (2013) and Shekhar et al. (2010). However, it needs
to be considered that most climate stations are located at
low altitudes in the mountain valleys. The positive pre-
cipitation trends, decreasing summer temperatures, and the
high-altitude origins of Karakoram glaciers favored posi-
tive mass balances of +0.10±0.16ma−1 w.e. between 1999
and 2010, assuming an ice density of 850kgm−3 for the
Karakoram as observed by Gardelle et al. (2013) by differ-
encing digital elevation models from the respective years.
Another study found positive elevation difference trends in
winter (+0.41±0.04ma−1) and only slightly negative ele-
vation difference trends in autumn (−0.07±0.04ma−1) for
the Karakoram, derived from ICESat (Ice, Cloud, and land
Elevation Satellite) time series from 2003 to 2008/09 (Kääb
et al., 2012).
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Figure 1. Overview map of the Karakoram. Surge-type glaciers are marked with red triangles. The locations of major glaciers and groups
are indicated. Abbreviations: Ba – Batura Glacier, Bi – Biafo Glacier, Bt – Baltoro Glacier, Hi – Hispar Glacier, and Si – Siachen Glacier.
Green dots represent the Skamri and South Skamri glaciers, for which velocity proﬁles are shown in the results section. Locations of Figs. 7
and 8 are outlined. Background: Landsat mosaic over 2011 (©USGS, 2011).
3 Data and methods
3.1 Glacier inventory and terminus positions
The glacier outlines in the present inventory are based on
the Randolph Glacier Inventory 2.0 (RGI) (Arendt et al.,
2013), which provided subdivided glacier complexes for the
Karakoram region. Each glacier polygon was improved man-
ually in accordance with the guidelines of the Global Land
Ice Measurements from Space (GLIMS) (Racoviteanu et al.,
2010), using cloud-free, late-summer Landsat scenes from
2009 to 2011, and the 90 m resolution C-band SRTM DEM
(Shuttle Radar Topography Mission digital elevation model;
11–22 February 2000; http://srtm.csi.cgiar.org). We deviated
from the GLIMS guidelines if tributary glaciers showed ob-
vious surge-type behavior. Such tributaries were separated
from the main trunk, and treated as individual glaciers in
the database. For each glacier polygon, terminus position
changes were mapped using Landsat imagery (Supplement
Table S1), which allowed us to determine whether the re-
spective glacier was advancing, stable, or retreating during
the observation period 1976–2012. A terminus was classiﬁed
as advancing or retreating if it changed by at least ∼60m
(exceeding the uncertainties in the digitization process of ap-
proximately two pixels). Existing inventories on surge-type
glaciers, dating back to the 1860s (e.g., Barrand and Mur-
ray, 2006; Copland et al., 2011; Hewitt, 1998), were com-
plemented by our own observations, including the identiﬁ-
cation of new surge-type glaciers that had been unknown
before. These glaciers were identiﬁed by investigating their
annual termini-position changes using Landsat time series
between 1976 and 2012, surface velocities, surface features
like crevasses, and/or terminus thickening. Within the in-
ventory, surge-type glaciers were counted once, even if they
showed more than one active phase during the study period.
The subsequent analysis of each glacier class was restricted
to glaciers at least 3km in length and more than 0.15km2
in area. The area threshold removed glacierets and potential
snow ﬁelds from the analysis, while the length threshold re-
moved smaller glaciers that are typically difﬁcult to classify
into surging- or nonsurging-type based on our criteria.
By combining the glacier outlines and the C-band SRTM
DEM, we derived a set of parameters describing dimensional
glacier characteristics. For each glacier, we calculated area,
average slope, and glacier length, following the recommen-
dations in Paul et al. (2010). The glacier-area parameter was
calculated as planar area, i.e., no correction for slope was
carried out. Slopes were calculated for individual grid cells
by analyzing the elevations of each cell and its eight neigh-
bors. The mean of these slopes yielded the average glacier
slope. We determined glacier length by acquiring the length
of the longest glacier centerline, which was picked out of a
set of centerlines covering the main branches of each indi-
vidual glacier.
The centerlines were compiled semiautomatically by cal-
culating least-cost routes between glacier heads and termini
following the procedure in Kienholz et al. (2014). The heads
(one per glacier branch) were determined by automatically
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identifying local elevation maxima along the glacier outlines.
The termini were set at the lowermost cells along the out-
lines.Somemanualinterventionwasrequiredifglacierheads
were misplaced, or if the automatically derived glacier ter-
mini were not at the location of the actual termini. The least-
cost route was eventually calculated on a cost grid individ-
ually prepared for each glacier and containing penalty val-
ues that decrease toward the glacier center as well as downs-
lope. The resulting least-cost route yielded centerlines that
are similar in shape to actual ﬂow lines. The centerlines en-
abled the accurate determination of glacier length, derivation
of average slope and aspect, and measurement of velocity
along those proﬁles.
The SRTM DEM we used contains errors, particularly in
areas with ﬁlled voids (e.g., Frey and Paul, 2012). These er-
rors can reduce the quality of the derived inventory param-
eters, especially if one single DEM value exclusively deter-
mines the parameter (e.g., minimum elevation; Frey et al.,
2012). However, for our statistical analysis, we rely on in-
ventory parameters that are either not or only marginally de-
pendent on the DEM quality. The parameter glacier area is
derived from the glacier outlines directly, and thus indepen-
dent of DEM quality. To derive the centerlines, and thus the
parameter glacier length, we relied on the DEM in two ways.
First, we used elevation maxima and minima to derive the
glacier heads and termini. Second, we set up the cost grid
by incorporating elevation values. While DEM errors inter-
ferewithbothapplications,wecheckedtheresultsvisuallyto
correct implausible centerlines. Accordingly, the ﬁnal glacier
lengths should be largely independent of the DEM quality.
Finally, the parameter mean slope is directly derived from
the DEM. However, because it is an averaged value, the in-
ﬂuence of the DEM quality is also limited here (Frey et al.,
2012).
The new glacier inventory in this study provides updated
dimensional characteristics for each glacier class using a ho-
mogenous methodology for the entire Karakoram. The statis-
tical signiﬁcance of the differences within the speciﬁc distri-
butions was tested with a two-sided Wilcoxon rank-sum test
(Wilcoxon, 1945).
3.2 Glacier surface velocities
Surface velocities were derived using offset intensity track-
ing on repeat SAR satellite imagery, also known as a cross-
correlationoptimizationprocedure(Langeetal.,2007;Luck-
man et al., 2003; Paul et al., 2013a; Strozzi et al., 2002).
Based on the image intensity, this technique tracks sur-
face features and also the speckle pattern on a pair of co-
registered, single-look complex (SLC) images from two dif-
ferent acquisition dates. All algorithms were executed with
Gamma Remote Sensing Software. The master image was
divided into rectangular windows of a given width in range
and azimuth (Table 1). For each window, the corresponding
patch of the slave image was determined based on the nor-
malized cross-correlation between the image patches. The
maxima of the 2-D correlation function deﬁned the offsets
in range and azimuth direction. Image patches were over-
sampled by a factor of 2 to increase the offset estimation
accuracy (Werner et al., 2005). Offsets of minor conﬁdence
were excluded using a signal-to-noise ratio (SNR) threshold
(Table 1). The displacement ﬁelds were ﬁnally geocoded to
map coordinates with the SRTM DEM. The technique is well
suited to Himalayan-style glaciers due to the presence of dis-
tinct surface structures (Luckman et al., 2007; Quincey et al.,
2011).
We used TerraSAR-X stripmap (SM) mode single-
polarization data from 2009 to 2013 and ALOS (Ad-
vanced Land Observation System) PALSAR (phased-
array synthetic-aperture radar) ﬁne-beam single-polarization
(FBS) imagery from 2007 to 2009 (Supplement Tables S2
and S3). While the data takes of the TerraSAR-X imagery
may be up to 3 months apart, most ALOS imagery was
acquired with the standard 46-day repeat interval. ERS-1/2
SAR imagery provided coverage for 1992, 1993, 1998, and
1999 (Supplement Table S4). The complementary Envisat
ASAR products were used to derive surface velocities for
2003 and 2011 (Supplement Table S4). Processing for ERS
and Envisat data was done on 30/35-day repeat coverage.
SAR imagery was acquired throughout the year; however,
late summer/autumn acquisitions provided the most accurate
results. Decorrelation is reduced due to minimized snowmelt
and not yet accumulated snow. We used identical settings for
the tracking algorithms for all imagery of the same sensor
(Table 1).
High-resolution SAR imagery makes it possible to map
velocities over shorter temporal baselines and for smaller
glaciers. Generally, longer wavelengths (e.g., L band) pro-
vide more stable backscatter signals over time, thus yielding
better results in the structureless accumulation zone where
shorter wavelength imagery tends to decorrelate. Hence, for
complete velocity coverage of the entire Karakoram, we
compiled velocity measurements from the various products
and sensors, giving priority in subsequent order to the high-
est resolution, the best SNR, and closest acquisition date.
The precision of SAR offset tracking algorithms is depen-
dent on various system, processing, and environmental fac-
tors. These include the temporal baseline between acquisi-
tions; glacier surface characteristics and their changes over
time; spatial representation, spatial resolution, wavelength,
and temporal changes of surface characteristics; displace-
ments of the glacier in the observation time; tracking win-
dow size, step size, search radius, and co-registration accu-
racy. These inﬂuences are hardly quantiﬁable and measur-
able, in particular, since they vary from image pair to image
pair. However, uncertainties of the speciﬁc ﬂow ﬁelds were
estimated by determining displacement values over nonmov-
ing terrain (e.g., bedrock), excluding snow- and ice-covered
areas, glaciers, river beds, and terraces. Mean velocity er-
rors and their standard deviations (1σ) were calculated with
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Table 1. Overview of sensors used for velocity mapping and their main characteristics. The parameter settings for feature tracking, such as
tracking window size, step size, and SNR threshold for discarding unreliable measurements, are also listed per sensor.
Sensor Sensor wavelength, tracking window size Step SNR
platform repeat cycle (range×azimuth) (range/azimuth) threshold
ALOS PALSAR FBS
23.5 cm
64×192 12/36 >7 L band
46 days
TerraSAR-X SM
3.1cm
128×128 25/25 >7 X band
11 days
ERS-1/2 SAR
5.6cm
64×320 6/30 >5 C band
35 days
Envisat ASAR
5.6 cm
64×320 6/30 >5 C band
35/30∗ days
∗30-day repeat cycle since October 2010.
Table 2. Mean uncertainties of displacement ﬁelds calculated over
nonmoving terrain given for each sensor and each temporal baseline
(in cmday−1 ±1 standard error, s.e.).
Sensor Repeat cycle Mean uncertainty
(days) (cmday−1±1s.e.)
TerraSAR-X SM 11/22/143 1.9±5.0/1.3±4.0/0.4±1.0
ALOS PALSAR FBS 46 2.9±9.0
ERS-1/2 SAR 35 7.5±9.0
Envisat ASAR 35/30∗ 2.2±3.0
∗30-day repeat cycle since October, 2010.
10000 random samples over stable ground for each image
pair and each temporal baseline (Table 2).
4 Results and discussion
4.1 Glacier inventory and terminus positions
The analysis of the Landsat time series revealed a large num-
ber of stable glaciers (969), 56 advancing, and only 93 re-
treating glaciers out of 1219 glaciers in the inventory dur-
ing the observation period of 1976–2012. A total of 101
glaciers in the inventory were once or multiple times in the
active phase of a surge since the 1860s. Of these, 91 have al-
ready been reported in Copland et al. (2011) and by various
other authors (e.g., Barrand and Murray, 2006; Diolaiuti et
al., 2003; Hewitt, 1998, 2007; Mayer et al., 2011; Quincey
et al., 2011). We observed 10 more glaciers that showed an
active phase of a surge during the observation period (Ta-
ble 3). They indicated remarkable frontal advances of up to
∼3.5km during a 5-year time span, increased surface ve-
locities close to the glacier snout (see Section. 4.2), and/or
looped/folded medial moraines (Table 3). Ten of the 101
surge-type glaciers counted were still in the active phase in
2012.
In a previous study, Barrand and Murray (2006) ana-
lyzed potential morphometric and environmental factors in-
ﬂuencing glacier surges, based on 150 glaciers, of which
19 were surge-type glaciers. Within the present inventory,
we can rely on a much larger database (1219 glaciers)
over a longer time period (1976–2012). Characteristics of
surge-type (101), advancing (56), retreating (93), and sta-
ble (969) glaciers, such as the glacier length, the area of the
glacier catchment, and the mean slope of the main glacier
branch were compared. The length, area and slope distribu-
tions of the different glacier classes (Fig. 2) differed sig-
niﬁcantly (p<0.0001) referring to a Wilcoxon rank-sum
test. The minimum glacier length of each glacier class was
ﬁxed by a threshold of 3km. Glaciers below this thresh-
old were not considered in the statistical analysis. The max-
imum length varied between ∼28.4km (median=6.2km)
for advancing, ∼45.6km (median=11.3km) for surge-type,
∼57.2km (median=5.1km) for retreating, and ∼75.8km
(median=4.4km) for stable glaciers. The median length
distribution is strongly inﬂuenced by the high number of
glaciers smaller than 10km in length (Fig. 2a) and by the
lower length limit (i.e., 3km) of our analysis. Figure 2a
demonstrates that approximately 90% of each type – ad-
vancing, stable and retreating glaciers – are smaller than
10km in length. Surge-type glaciers are, in general, longer
than advancing, retreating, and stable glaciers (two-thirds of
surge-type glaciers >10km long). The length distribution is
comparable with that found by Barrand and Murray (2006),
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Table 3. New surge-type glaciers identiﬁed in this study. Surge-type features include (1) looped/folded medial moraines and surface foliation,
(2) terminus advance, (3) terminus steepening and thickening, and (4) increased surface velocities (according to Copland et al., 2011).
Glacier Lat Long Mean elevation Length Area Date of Detected surge-type Catchments
name (m) (km) (km2) active phase features in Fig. 7
Unnamed 35.924 76.374 5829.0 6.01 8.58 2005–13 (2), (4), advance of ∼500 m 15
Unnamed 35.965 76.405 5379.5 5.47 3.20 2002–11 (2), (4), advance of ∼500m 14
Unnamed 35.993 76.275 5215.0 6.30 4.37 2002–10 (1), (2), (4), advance of ∼2km 12
Unnamed 35.999 76.423 5086.0 6.12 3.26 2002–11 (2), (4), advance of ∼1.3km 13
Unnamed 36.082 76.312 5599.0 9.69 11.35 2002–13 (2), (4), advance of ∼1.5km 7
Unnamed 36.101 76.249 5484.5 5.35 2.93 2011–13 (2), (4), advance of ∼1km 9
Unnamed 36.123 76.303 5548.0 8.33 12.75 2001–13 (1), (2), (4), advance of ∼800m 6
Unnamed 36.146 76.198 5554.0 16.37 26.16 2009–13 (2), (4), advance of ∼3.5km 4
Saxinitulu 36.280 75.947 5553.5 16.14 27.09 2001, 2011–13 (2), (4), advance of ∼900m in total not shown
Unnamed 36.730 75.219 5440.0 7.52 9.09 2003–05 (1), (2), advance of ∼800m not shown
Figure 2. Percentage of glaciers classiﬁed as surge-type, advanc-
ing, retreating, or stable during the observation period 1976–2012,
related to the overall number of each class, divided into (a) glacier
length, (b) catchment area, and (c) mean slope along the main
glacier branch. The absolute numbers per glacier length class are
given above the bars in panel (a).
who observed a peak in the length distribution of surge-type
glaciers at 10km (median=13.6km).
The histogram of the glacier area (Fig. 2b) shows that
surge-type glaciers have larger areas (median=15.3km2)
than advancing (median=4.4km2), stable (median =
3.8km2), and retreating (median=4.9km2) glaciers in the
inventory. This pattern matches the length distribution of the
individual glacier classes. Half of the stable glaciers and
45% of the advancing glaciers are less than 4km2. More
than 50% of retreating glaciers are between 3 and 7km2. The
analysis of the mean slope along the main glacier branch al-
lows no signiﬁcant differentiation between the glacier classes
(Fig. 2c). Most glaciers have only slightly inclined surfaces
(15◦). Surge-type glaciers are less inclined (median=9.6◦);
however,theslopeofaglacierdoesnotcorrelatesigniﬁcantly
with the glacier type.
Figure 3 illustrates the spatial distribution of glaciers clas-
siﬁed as surge-type, advancing, retreating or stable across
the Karakoram. Surge-type glaciers are mostly located in the
Sarpo Laggo Basin, the Shaksgam Valley, the Panmah Basin,
and at the eastern part of the Karakoram along the upper
Shyok River (Figs. 1, 3; Table 3). Advancing glaciers partly
cover the same glacier basins as surge-type glaciers do (e.g.,
north-western margins of the Shaksgam Valley). However,
there is no marked clustering evident. The largest glaciers
in the Karakoram, such as the Siachen, Baltoro, Biafo, and
Chogo Lungma glaciers, show rather stable, heavily debris-
covered termini during the observation period, as other stud-
ies also conﬁrmed (Hewitt, 2005; Mayer et al., 2006). How-
ever,termini-positionchangesarehardtoquantifyfordebris-
covered glaciers (Paul et al., 2013b). They are also ambigu-
ous reactions of these glaciers to changing climatic condi-
tions and should be conﬁrmed with mass-balance studies
(Scherler et al., 2011). Retreating glaciers, mostly small, are
mainly located at the eastern margins of the Karakoram,
north of the Shimshal River and west of the Hunza River
close to the Hindu Raj mountains (Fig. 3).
The large number of stable glacier termini and glacier ad-
vances is inﬂuenced by positive glacier-mass balances in the
central Karakoram during the last decade (Gardelle et al.,
2012, 2013; Kääb et al., 2012) induced by increasing win-
ter precipitation and decreasing summer temperatures since
the 1960s (Archer and Fowler, 2004; Bocchiola and Dio-
laiuti, 2013; Bolch et al., 2012; Williams and Ferrigno, 2010;
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Figure 3. Spatial distribution of glaciers classiﬁed as surge-type, advancing, retreating, or stable across the Karakoram during the observation
period 1976–2012. Abbreviations: Ba – Batura Glacier, Bi – Biafo Glacier, Bt – Baltoro Glacier, Ch – Chogo Lungma Glacier, Hi – Hispar
Glacier, Kh – Khurdopin Glacier, Si – Siachen Glacier, P – Panmah Basin, SP – Sarpo Laggo Basin, SV – Shaksgam Valley, and US – upper
Shyok Valley.
Figure 4. Temporal course of advancing and retreating glaciers, as
well as glaciers in the active phase of a surge during various time
periods. Glaciers were counted repeatedly if advancing, retreating,
or active in various time periods.
Yao et al., 2012). In contrast, adjacent mountain ranges (Hi-
malaya, the western Kunlun Shan, Hindu Kush, and Hindu
Raj) are mainly affected by negative glacier-mass balances
and glacier recession (e.g., Bolch et al., 2012; Sarikaya et
al., 2012, 2013; Scherler et al., 2011). Various authors found
that ∼70% of glaciers retreated in the Hindu Raj and Hindu
Kush mountains west of the Karakoram between the 1970s
and 2007 (Sarikaya et al., 2012, 2013; also: Scherler et al.,
2011). Studies also show negative mass balances in this area
between 1999 and 2008 (−0.12±0.16ma−1 w.e. (assumed
ice density 850kgm−3); Gardelle et al., 2013) and between
2003 and 2009 (−0.19±0.06ma−1 w.e. (assumed ice den-
sity 900kgm−3); Kääb et al., 2012). East of the Karakoram,
glacier recession is also very common for the western (87%
of glaciers retreating) and central Himalaya (north: 83%,
south:65%ofglaciersretreating;Scherleretal.,2011).Mass
balances are found to be more negative across the Himalaya
(western and central Himalaya: −0.34±0.05ma−1 w.e.,
eastern Himalaya: −0.34±0.08ma−1 w.e. between 2003
and 2009 assuming an ice density of 900kgm−3; Kääb et al.,
2012; Gardelle et al., 2013) in comparison to the Karakoram
(−0.06±0.04ma−1 w.e. (assumed ice density 900kgm−3);
Kääb et al., 2012). However, these trends in glacier behav-
ior seem to also affect glaciers in the northwestern part of
the Karakoram, where various glaciers are retreating (Fig. 3).
Decreasing high-altitude precipitation in the northern part of
the Karakoram and towards the Hindu Kush mountains in
comparison to the central part of the Karakoram might be
one inﬂuencing factor for glacier recession (Weiers, 1993).
Few retreating glaciers can also be found at the southeastern
margins of the Karakoram (Fig. 3).
Figure 4 shows the varying numbers of advancing, retreat-
ing, and surge-type glaciers in the active phase since 1994,
identiﬁed from Landsat imagery. The number of retreating
glaciers decreased over time, whereas termini advances hap-
pened more frequently since 2000 (Fig. 4). Between 2006
and 2012 no retreating glaciers were found; however, glacier
advances continued. Retreating and thinning glaciers in the
Karakoram until 1997 are mentioned in Hewitt (2005). Ad-
ditionally, glacier thickening and advances at glaciers larger
than 10km and at the highest watersheds have been reported
since then (Hewitt, 2005). Other studies have found stable
and positive glacier-mass balances since 1999 (Gardelle et
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Figure 5. Compiled surface velocities mosaic of the Karakoram. Priority has been given to the highest resolution and best coverage. Data
takes are between 2007 and 2011 from TerraSAR-X, ALOS PALSAR, and Envisat ASAR. The dashed line at Baltoro Glacier marks the Con-
cordia cross proﬁle mentioned in the text. Abbreviations: Ba – Batura Glacier, Bi – Biafo Glacier, Bt – Baltoro Glacier, CL – Chogo Lungma
Glacier, Hi – Hispar Glacier, Khv – ,Khurdopin Glacier, Si – Siachen Glacier, Sk – Skamri Glacier, Ya – Yazghil Glacier. Background: SRTM
DEM. Higher resolved subsets are shown in the Supplement (Figs. S2–S4).
al., 2012, 2013; Kääb et al., 2012). However, mass balance
measurements prior to 1997 are not available.
Jóhannesson et al. (1989) supposed glacier response times
for typical glaciers (thicknesses between 100 and 500 m) to
range between 10 and 100 years. For the large number of
small Karakoram glaciers (90% of nonsurge-type glaciers
<10km), of which low thicknesses can be assumed, we
therefore suggest short response times of about 10–20years.
Considering increasing precipitation in winter and decreas-
ing summer mean and minimum temperatures across the up-
per Indus Basin since the 1960s (Archer and Fowler, 2004;
Bocchiola and Diolaiuti, 2013, Fowler and Archer, 2006;
Williams and Ferrigno, 2010; Yao et al., 2012) and short re-
sponse times of small glaciers, we suggest a shift from nega-
tive to balanced/positive mass budgets in the 1980s or 1990s
or even earlier. For larger glaciers we expect a time-delayed
reaction with stable or advancing termini in the late 1990s or
years since 2000.
The decreasing number of surge-type glaciers in an ac-
tive surge phase over time is difﬁcult to explain. There are
no obvious reasons that would explain such a change in fre-
quency since mechanisms driving surge behavior are com-
plex and yet not fully understood and vary in different re-
gions (Belò et al., 2008). One inﬂuencing factor might be
positive glacier-mass balances in the Karakoram since 1999
(Clarke et al., 1984; Copland et al., 2011). However, changes
in mass balances might be insufﬁcient, and further changes
in the thermal regime of a surge-type glacier need to occur or
more meltwater needs to become available to inﬂuence surge
incidences (Harrison and Post, 2003; Hewitt, 2007). In ad-
dition to climate and geometric characteristics of surge-type
glaciers, the geological setting of the glacier bed plays an
important role in triggering surges (Clarke et al., 1984; Har-
rison and Post, 2003; Murray et al., 2003). For the Karako-
ram, there are no comprehensive in situ studies on surge-type
glaciers during active phases available that would allow con-
straining the number of inﬂuencing factors.
4.2 Glacier surface velocities
Surface velocity maps were derived from different sensors
fortheyears1992,1993,2003,and2006–2013.Figure5pro-
vides the best velocity coverage (2007–2011) for the Karako-
ram derived from different sensors, with priority given to
the highest resolution and best coverage for each individ-
ual glacier. Large-swath sensors like ERS and Envisat pro-
vide high spatial coverage at one time interval; however,
they do not allow for the derivation of displacement rates for
small glaciers. The latter are best resolved with TerraSAR-X
imagery, but lead to a combination of different time steps.
Although the suitability of such a composite velocity map
is limited for glaciers with temporally highly variable ice
ﬂow (e.g., Mayer et al., 2006; Quincey et al., 2009a; Scher-
ler and Strecker, 2012), it provides an overview of the en-
tire region with maximum spatial detail, and is relevant for
many other glaciers showing less dynamic behavior. Higher-
resolved subsets of the derived ﬂow ﬁelds are available in
the Supplement (Figs. S2–S4). Velocity ﬁelds of very large
glaciers, such as the Batura, Hispar, Biafo, Chogo Lungma,
Baltoro or Siachen glaciers, can be well identiﬁed (Fig. 5).
The general ﬂow pattern is as to be expected for mountain
glaciers, indicating increasing velocities upstream with high-
est velocities close to the equilibrium line altitude (Copland
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et al., 2009; Cuffey and Paterson, 2010; Quincey et al.,
2009a, b). Flow speeds of the Baltoro Glacier are similar to
those averaged over 2003–2008 in Quincey et al. (2009a).
For this glacier, Mayer et al. (2006) observed highest veloc-
ities close to the Concordia cross proﬁle using GPS mea-
surements taken in summer 2004 (marked in Fig. 5). The
present study also found high velocities of ∼0.5mday−1 at
this part of the glacier in August 2011, derived from Envisat
ASAR feature tracking. Scherler and Strecker (2012) found
the highest velocities at the Biafo Glacier at about 45km
from the terminus, which matches the ﬂow pattern in Fig. 5.
Notably, the Hispar Glacier has the lowest surface velocities
of all the very large glaciers, with speeds decreasing close
to zero at the lowest third of the glacier. Pronounced high
surface velocities can be observed close to the terminus in
various smaller glaciers (e.g., Saxinitulu, glacier #4; see also
Supplement Figs. S1–S4), where ongoing surges have been
reported previously (e.g., Tatulu Gou Glacier; Quincey et al.,
2011) or are shown in this study (e.g., ﬁrst Feriole Glacier,
glaciers in the Shaksgam Valley and Sarpo Laggo Basin;
Figs. 6, 7). Detailed investigations of seasonal and interan-
nual ice ﬂow variations of large valley glaciers are beyond
the main scope of this study.
In the Shaksgam Valley, Skamri Basin, and Sarpo Laggo
Basin, we found eight surge-type glaciers that were previ-
ously unknown as such (Fig. 6, Table 3). The potential of
high-resolutionTerraSAR-Ximagerytomapicedynamicsof
very narrow glaciers becomes obvious from catchments #1,
#3, #6, #7, #9, #13, #14, #15, #16, or #17 (Fig. 6). The com-
parably high ﬂow speeds throughout the glaciers or at the ter-
minus indicate an active phase of a surge. This corresponds
neatly with the mapped frontal position changes (Supple-
ment Fig. S5). Quincey et al. (2011) showed a similar pat-
tern of high ﬂow velocities at the surge front of the Kunyang
Glacier (a tributary of the Hispar Glacier). A nice example of
a small surge-type glacier is the Musita Glacier (#17), which
revealed high surface velocities of ∼0.5mday−1 (June–
September 2009) during the active surge phase close to its
snout. The analysis of the optical imagery indicated a frontal
advance of ∼0.85km from 2005 to 2009.
In the Panmah Basin southwest of the Shaksgam Val-
ley, ﬁve glaciers showed surge-type behavior in the past
(Nobande Sobonde, Drenmang, Chiring, Maedan, and
Shingchukpi glaciers, Fig. 7a) (Hewitt, 2007; Copland et
al., 2011), whereas the ﬁrst Feriole Glacier is currently in
the active phase of a surge (Fig. 7c, d). By March 2012,
it had advanced ∼2.0km (Fig. 7c). Flow ﬁelds derived
from TerraSAR-X SM image pairs for a 22-day interval be-
tween December 2009 and January 2010 indicated high sur-
face velocities of ∼1.25mday−1 near the glacier’s snout
(Fig. 7b). In March 2011, surface velocities increased up to
∼1.78mday−1 and decreased slightly in June 2013 (Fig. 7b,
d). The shapes of the centerline surface velocity proﬁles in-
dicate the location of the surge front close to the terminus
(Fig. 7d). The surge front seemed to remain ∼1km from the
Figure 6. Surface velocities derived from TerraSAR-X SM image
pairs (16 June–12 September 2009 and 24 December 2009–15 Jan-
uary2010)inthecentralShaksgamValley,SarpoLaggoandSkamri
basins. Numbers indicate glacier catchments mentioned in the text
and in Table 3. The centerlines of the Skamri and South Skamri
glaciers are marked as white lines. Background: SRTM DEM.
terminus, though the glacier was advancing between March
2011 and June 2013. The recent decrease in surface veloci-
ties might indicate the decay of the active surge phase.
Centerline velocity proﬁles (Fig. 8) showed changes in
surface ﬂow over time for two surge-type glaciers (the loca-
tion of these glaciers is marked in Fig. 1). The South Skamri
Glacier surged in 1990 (#11 in Fig. 6) and again in 2007
(Copland et al., 2009, 2011; Jiang et al., 2012). In 2009 it
still showed high surface velocities (Fig. 8a), which are com-
parable to those averaged over the period 2007–2008 in Jiang
et al. (2012). Surface velocities for the Skamri Glacier (#10
in Fig. 6) decreased between 2003 and 2009 (by as much as
0.3mday−1, Fig. 8a), which supports the fact that the South
Skamri Glacier was the dominant ﬂow unit in the Skamri
Basin at that time (Copland et al., 2009). During 2011 the
Skamri Glacier accelerated considerably to ∼1.5mday−1,
whereas the South Skamri Glacier slowed down slightly be-
tween 2009 and 2011. This indicates that the Skamri Glacier
might be in an active surge phase again and, therefore, might
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Figure 7. Termini advances and surface velocities for the ﬁrst Feriole Glacier, Panmah Basin (a). Panel (b) comprises the centerline velocity
proﬁles and their changes over time (location of the proﬁles is marked in (d)). Panel (c) shows the changing terminus positions since 2002.
A surface velocity map derived from repeat TerraSAR-X SM imagery between 11 and 22 June 2013 is given in (d). Background: Landsat
TM, 15 January 2011, (©USGS, 2011).
inﬂuence the South Skamri Glacier again in years to come,
as it did prior to 1990.
5 Conclusions and outlook
The present study utilizes different remote sensing-based
methods to generate an updated glacier inventory for the
entire Karakoram region. It provides a new comprehen-
sive dataset on the state of advancing, stable, and retreat-
ing glaciers, including the temporal and spatial variations
of frontal positions between 1976 and 2012. Out of 1219
glaciers in the inventory, the vast majority showed stable ter-
minus positions (969). These ﬁndings support the assump-
tion of the anomalous behavior of glaciers in the Karakoram
in comparison to adjacent mountain ranges, which indicate
glacier recession and thinning (Bolch et al., 2012; Hewitt,
2005; Gardelle et al., 2013; Kääb et al., 2012; Scherler et al.,
2011). Glacier recession is found for only 8% of the glaciers
in the inventory, indicating decreasing numbers since the be-
ginningofthe21stcentury,whereasthenumberofadvancing
glaciers has increased since then. Considering the advance
of small glaciers with assumed short response times of about
10–20years, we conclude on a balanced/positive mass bal-
ance in the Karakoram since the 1980s or 1990s, or even ear-
lier, induced by changing climatic conditions since the 1960s
(Archer and Fowler, 2004; Bocchiola and Diolaiuti, 2013;
Williams and Ferrigno, 2010; Yao et al., 2012).
Existing inventories of surge-type glaciers are updated and
previously unknown surging glaciers are identiﬁed (e.g., in
the Shaksgam Valley). We demonstrate the suitability of sur-
face velocities derived from high-resolution SAR images to
support the identiﬁcation and analysis of surge-type glaciers.
However, the complex mechanisms driving surge-type
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Figure 8. Velocity proﬁles along the centerlines of the Skamri (a)
and South Skamri glaciers (b). The location of the centerline pro-
ﬁles is marked in Fig. 6.
behavior cannot be explained by statistical/satellite-imagery
analysis alone. In particular, comprehensive ﬁeld surveys
would be required to gain more insight into mechanisms and
driving forces of surges in this region.
Our results demonstrate the high potential modern high-
resolution SAR missions have for deriving surface velocity
ﬁelds, including those for small and comparably fast-ﬂowing
valley glaciers during the active phase of a surge event. Short
repeat cycles of 11 or 22 days enable the identiﬁcation of
surface structures with only a limited temporal decorrelation
impact. Speciﬁc acquisition planning enables typical difﬁ-
culties of active side-looking radar instruments, like layover
or foreshortening, to be overcome. The study on ice dynam-
ics also conﬁrmed that X-band SAR, with its shorter wave-
length, does decorrelate rapidly in the structureless accu-
mulation zone of the Karakoram, where longer wavelengths
(e.g., from L-band ALOS PALSAR) still preserve the signal
over 46 days. It is recommended that at least annual repeat
acquisitions with short temporal baselines be integrated into
the acquisition plans of current and future SAR missions for
regions with highly dynamic and fast-changing glaciers such
as in the Karakoram. The exploitation of the satellite archives
(e.g., ERS, Envisat, Landsat) provides additional potential
for determining seasonal and interannual changes in ﬂow
patterns and surge cycles, which is important for monitor-
ing glaciers in remote and inaccessible regions such as the
Karakoram.
For future studies, we suggest expanding the present
glacier inventory and linking it with other observational data
such as surface elevation changes. Integration of the few
local observations with products from regional climate mod-
els will support a more comprehensive analysis of climatic
driving forces on glacier behavior.
The Supplement related to this article is available online
at doi:10.5194/tc-8-977-2014-supplement.
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